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Triad signiﬁcance proﬁlesThe endosymbiotic theory proposed thatmitochondrial genomes are derived from an alpha-proteobacterium-
like endosymbiont, which was concluded from sequence analysis. We rebuilt the metabolic networks of
mitochondria and 22 relative species, and studied the evolution of mitochondrial metabolism at the level of
enzyme content and network topology. Our phylogenetic results based on network alignment and motif
identiﬁcation supported the endosymbiotic theory from the point of view of systems biology for the ﬁrst time.
It was found that the mitochondrial metabolic network were much more compact than the relative species,
probably related to the higher efﬁciency of oxidative phosphorylation of the specialized organelle, and the
network is highly clustered around the TCA cycle. Moreover, the mitochondrial metabolic network exhibited
high functional speciﬁcity to the modules. This work provided insight to the understanding of mitochondria
evolution, and the organization principle of mitochondrial metabolic network at the network level.or Bioinformation Technology,
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According to the endosymbiotic theory,mitochondria are descended
from aerobic bacteria that somehow survived endocytosis and became
incorporated into the cytoplasm [1]. The closest eubacterial relatives of
mitochondria are considered to be members of the rickettsial
subdivision of theα-proteobacteria [2,3]. However, only a small fraction
of all of the mitochondrial proteome can be traced back to an origin in
the α-proteobacteria, with the remaining mitochondrial proteins
probably originating from other eubacteria or the primitive eukaryotic
host [4–6], as is the casewith theenzymesof the tricarboxylic acid (TCA)
cycle, the major pathway of carbon metabolism in mitochondria [7].
During the endosymbiosis, genome reduction plays an important
role so that the mitochondrial genome shrinks relative to its bacteria
ancestor [8]. Many genes of the ancestral genome have been
transferred to the host genome by horizontal gene transfer [9], while
someof the remainingones have been lostwith their function replaced
by host processes [10]. Thus, a selective set of metabolism pathways
encoded by both mitochondrial genome and nuclear genome are
maintained in mitochondria.
Since the extensive genome reduction and gene reshufﬂing in
organelle limit the utilization of phylogenetic analysis based onsequence information [11], we set out to study the organelle evolution
by comparing the metabolic networks. In a previous work, we
compared metabolic network properties of chloroplasts and prokary-
otic photosynthetic organisms, and found that the differences in
metabolic network properties may reﬂect the evolutionary changes
during endosymbiosis that led to the improvement of the photosyn-
thesis efﬁciency in higher plants [12]. In this decade, the metabolic
reconstruction of organelles aswell as organisms have been constantly
carried out by using both graph theoretic methods [12–16] and
constraint-based methods [17–23], generating experimentally test-
able hypotheses and valuable information on possible cellular
phenotypes.
In this work, we employed the graph theoretic methods to rebuild
the metabolic networks of mitochondria and 22 relative species and
compared the topological properties among these networks. The
comparisons provided insight to the study of mitochondria evolution
and the organization principle of mitochondrial metabolic network.
Results
Phylogenetic analysis based on enzyme content
The metabolic networks of mitochondria and the 22 relative
species were constructed based on the compound and enzyme
information respectively (Supplementary Table 1). Before the phylo-
genetic analysis at the topology level, we ﬁrst compared the enzyme
content of themetabolic networks of mitochondria and the 22 relative
Fig. 2. Cluster tree based on network alignment. Pink, green, brown, and red indicate
Rickettsiae, non-parasite bacteria, Archaea and mitochondria, respectively.
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rickettsiae out of α-proteobacteria, in order to deduce the evolution-
ary relationships in terms of the overall function. It should be noticed
that the enzyme content here referred to mitochondrial proteome
encoded by both mitochondrial genome and the host genome.
The enzyme content distance of each species pair was calculated
according to Korbel's deﬁnition [24], and the phylogenetic tree was
constructed (Fig. 1). In this tree, the Rickettsiae formed one group,
whichwas parallel to the group of non-parasite bacteria; all the bacteria
clades were clustered together. The Archaea formed another group
outside of the bacteria cluster. These were basically consistent with the
phylogenetic tree based on 16S rRNA sequences [25,26] with the
exception that the Archaeoglobus fulgidus (abbreviated as afu) was
mixed in the Rickettsiae group, which might be attributed to a similar
metabolic network organization shared by afu and Rickettsiae.
Noticeably, there was a clear separation of mitochondria from the
other three groups of species. The large divergence betweenmitochon-
dria and Rickettsiae, probably resulted from mutability of enzymes or
recruitment of exogenous enzymes for specialized function.
Compound network analysis by graph alignment
To study the topological properties of the metabolic networks of
mitochondria and the relative species,we conductednetwork alignment
among their compound networks by using an algorithm depending of
the topological information of both edge and node [27–29], and
obtained a distance matrix.
In the cluster tree from the distance matrix (Fig. 2), the non-
parasitic bacteria and the Archaea were grouped together with each
group clustered separately; the mitochondria was clustered with the
Rickettsiae. In addition, Rickettsia prowazekii (abbreviated as rpr),
which have the most mitochondria-like eubacterial genome [26], was
separated from the other Rickettsiae.
Network comparison based on speciﬁc motif
To understand the local structures and design principles of the
metabolic network of mitochondria and the relative species, both
enzyme networks and compound networks were scanned for the 13
directly connected three-node motifs (triads) (Fig. 3A). The motifs
containingmore than three nodes were routinely ignored in our study
to reduce the computation challenge.
The signiﬁcant proﬁles (SPs) of the 13 triads (Triad Signiﬁcance
Proﬁles, TSPs) for two sets of metabolic networks (enzyme and
compound) were calculated, resulting in two matrixes of 26 rows
indicating species and 13 columns indicating motifs.Fig. 1. Phylogenetic tree based on enzyme content distance. Pink, gree, brown and red
indicate Rickettsiae, non-parasite bacteria, Archaea and mitochondria, respectively.Species clustering was performed on the rows with the Pearson
correlation coefﬁcient as the similarity measure using average linkage
method [30]. In the enzyme graph (Fig. 3B), the mitochondria were
grouped with the Rickettsiae and an archaeon (ape), which was
parallel to another group containing the non-parasitic bacteria and
two archaea (pai, pab). In the compound graph (Fig. 3C), the
mitochondria were exclusively clustered with most of the Rickettsiae
in an isolated group, while the other Rickettsiae (ecn, erw and eru)
were clustered with the non-parasitic bacteria and the Archaea,
especially forming a small cluster with an exception of Neisseria
meningitidis MC58 (abbreviated as nme), a non-parasitic bacteria.
Moreover, motif clustering was carried out on the column using the
Euclideandistance, and the 13 triadswere divided into twomain classes
in both enzyme networks and compound networks (Figs. 3B, C), with
the ﬁrst class containing triads 1, 2, 3, 4, 7, 8 and the second containing
triads 5, 6, 9, 10, 11, 12, 13. Itwas found that the triads in theﬁrst class do
not contain any bidirectional edges, except for triad 4, and all triads in
the second one contain at least one bidirectional edge. Therefore, we
termed the ﬁrst class as unidirectional triads, and the second as
bidirectional triads. According to the clustering results, the bidirectional
triadoccurredmoremuch frequently than theunidirectional triad in our
metabolic networks, which might be related to the extensive existence
of reversible biochemical reactions.
Centrality and modularity of the mitochondrial metabolic network
Degree centrality and betweenness centrality were used here to
measure the network topological centrality [31]. It was found that
degree centralities of both the enzyme network and the compound
network of mitochondria were much higher than the other species
(Supplementary Fig. 1), indicating that mitochondria possess tighter
linkage in the metabolic network, which might contribute to the
higher efﬁciency of oxidative phosphorylation of the specialized
organelle.
Since the tricarboxylic acid (TCA) cycle is the major pathway of
carbon metabolism in mitochondria of oxygen-respiring eukaryotes
to generate usable energy, the average degree of whole network and
TCA sub-network of mitochondria were further examined. In the
mitochondrial compound network, the degree of whole network was
2.6 while that of TCA sub-network was 4.8 with the t-test p-value of
0.001027, indicating that the compounds involved in TCA cycle were
connected much tighter than the background. A similar phenomenon
was observed in the enzyme network, where the average degrees of
whole network and TCA sub-network were 3.38 and 4.9. It was thus
proposed that the mitochondrial network was highly clustered
around the TCA cycle, similar to our previous work on the chloroplast,
which proposed that the density of sub-networks directly linked to
Fig. 3. (A) the directly connected three-node motifs (triads). Clustering results based on the triad signiﬁcance proﬁle (TSP) for metabolic enzyme (B) and compound (C) networks.
Pink, green, brown and red indicate Rickettsiae, non-parasite bacteria, Archaea and mitochondria, respectively.
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metabolic network in chloroplasts [12].
The mitochondrial metabolic networks were then broken down
into modules by iteratively removing the edges with the highest
betweenness centrality [31]. The function of eachmodule was deﬁned
using the classiﬁcation scheme in KEGG which includes nine major
pathways: carbohydrate metabolism, energy metabolism, lipid me-
tabolism, nucleotide metabolism, amino-acid metabolism, glycan
biosynthesis and metabolism, metabolism of cofactors and vitamins,
biosynthesis of secondary metabolites, and biodegradation of
xenobiotics.
In the mitochondrial enzyme network, ﬁve out of the nine
modules, module 1, 2, 4, 5, 6, had their dominant KEGG pathway
(Fig. 4A). Enzymes involved in TCA cycle were distributed in three
modules, module 1, 2 and 3. Module 1 was matched to carbohydrate
metabolism and amino-acid metabolism; module 2 was the largest
one, associated with three pathways including carbohydrate metab-
olism, amino-acid metabolism, lipid metabolism; and almost all the
enzymes in module 3 participate in the TCA cycle.
In the mitochondrial compound network, most of the twelve
modules, module 2, 4, 5, 6, 7, 8, 10, 11 and 12, had their dominant
KEGG pathway (Fig. 4B). Especially, module 4 and 7 were concom-
itantly matched to lipid metabolism while module 8 and 12 matched
to nucleotide metabolism. Inversely, it was noticeable that com-
pounds involved in TCA cycle were also distributed in three modules,
1, 2 and 9. Module 1 was the largest module mainly related to three
pathways including carbohydrate metabolism, amino-acid metabo-lism, metabolism of cofactors and vitamins. Module 9 contained most
TCA cycle related compounds, and nearly half of the compounds in
this module were involved in TCA cycle. The compounds of TCA cycle
in module 2, 1, 9 were respectively related to enzymes in module 1, 2,
3 of the enzyme network.
In general, these results showed that the mitochondrial modules
were quite pathway-speciﬁc. Sincemodules represent the grouping of
reactions based on their connections and reﬂect in some degree the
coordination of thewholemetabolism, it seems that themitochondrial
network is organized with a modular structure, although the overall
complexity is reduced with fewer reactions and absence of some
pathways.
Discussion
In the present work, we reconstructed the metabolic networks of
mitochondria and 22 relative species. The network comparison results
supported the serial endosymbiont hypothesis of mitochondria and
the closest evolutionary relationship between mitochondria and
Rickettsiae from the viewpoint of metabolic networks. Moreover,
the centrality and modularity of mitochondria provided clues to the
understanding of the organization principles of mitochondria.
Although an abundance of sequence data, including genome
organization, gene order and nucleotide and amino acid sequence,
can be used to deduce evolutionary relationships, the extensive
reshufﬂing of mitochondrial genes limits the usefulness of organiza-
tion and order information, and the resolving power of single-gene
Fig. 4. Functional modules of metabolic enzyme (A) and compound (B) networks.
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individual genes, complicated in the particular case of mitochondria
by extreme differences in base composition and in the rate of
sequence divergence of mtDNA-encoded genes in different eukaryotic
lines [11]. Considering that cellular metabolism is a complex network
of physico-chemical processes constructed by sequences of biochem-
ical reactions, we resorted to the enzyme and the compound
information at the level of networks instead of sequence level.
According to the topological analyses based on network alignment
and motif identiﬁcation, the mitochondria are evolutionarily similar
to the rickettsial subdivision of the alpha-proteobacteria, supporting
the mitochondria endosymbiont hypothesis from the point of view of
biological network for the ﬁrst time. Among the Rickettsiae, the
mitochondria seems much closer to Rickettsia prowazekii based on
network alignment, which is consistent with the phylogenetic results
on genome sequences [26]. While, the phylogenetic analysis based on
enzyme content showed a clear separation of mitochondria from the
other three groups of species, Archaea, Rickettsiae and non-paracitic
bacteria (Fig. 1), suggesting that mitochondrial enzymes underwent
greater changes during evolution than the topology of their metabolic
networks did. We attributed this phenomenon to the enzyme
instability during the evolution. Recent studies on the mechanismsof pathways evolution show that about 20% enzyme superfamilies are
quite variable, and these variable superfamilies account for nearly half
of all known reactions [32]. The changes of enzymes could be
originated by the speciﬁzation of multifunctional enzymes, or
recruitment of exogenous ones [32,33]. It was proposed that the
most commonly occurring metabolites provide a helping hand for the
changes of enzymes since they can be accommodated by many
enzyme superfamilies. New or modiﬁed pathways thus prefer to
evolve around central metabolites, thereby keeping the overall
topology and the function of the metabolic network [13].
According to Antoine Danchin in his book The Delphic Boat, what
matters is the relationship and organization of the system, but not
actual original components, whether the system is a boat or an
organism. In our case, the metabolic network is like the ‘boat’
(system) and the enzymes are like the ‘planks’ (components). The
topological properties are more related to the overall function, and
thus conserved between mitochondria and Rickettsiae; while the
enzyme content is more relevant to detailed or specialized function,
and therefore different between mitochondria and Rickettsiae.
The simplest building blocks of the complex networks, the motifs,
such as triads, are believed to carry signiﬁcant information about their
function and overall organization [34–37]. For instance, the triads 7
343X. Chang et al. / Genomics 95 (2010) 339–344(Fig. 3A)may correspondwith feed-forward loops and perform signal-
processing tasks such as persistence detection, pulse generation, and
acceleration of transcription responses [36]. We proposed the
unidirectional triads and bidirectional triads enriched in two different
classes based on the triad signiﬁcance proﬁle for mitochondria and its
relative species (Figs. 2B, C) might be related to the more extensive
existence of reversible biochemical reactions. The singular classiﬁca-
tion of triad 4 in these species also needs further studies.
This paper studied the mitochondria evolution at the network
level and investigated the network properties of mitochondrial whole
metabolic network and TCA sub-network, which provided clues to the
studies of mitochondria on both the evolution and the function from
the angle of systems biology. We believe that the mitochondrial
systems biology will help to unravel the evolutionary origin of
mitochondria, the mechanism of evolution events, the specialized
function as an organelle, the related disorders, and ultimately leading
to the practical therapy.
Material and methods
Dataset preparation and network construction
The mitochondrial pathway data were extracted from the Saccharo-
myces Genome Database (http://www.yeastgenome.org/) and Com-
prehensive Yeast Genome Database (http://mips.gsf.de/genre/proj/
yeast/). The enzymes and reactions of 22 selected organisms(see
Supplementary Table 1) were obtained from the KEGG LIGAND database
(ftp://ftp.genome.jp/pub/kegg/ligand/). We considered two comple-
mentary representations of a metabolic network. First, the compound
graph, (Vs, Es), was constructed with chemical compounds as nodes and
transitions as edges. Two substrates s1, s2 are joined by an edge, when
they occur in the same chemical reaction. The enzyme graph,Ge=(Ve,Ee),
has a vertex set Ve consisting of all enzymes in the network. Two enzymes
e1, e2 are joined by an edge ,if e1 catalyzes a reaction whose product is
taken by e2 as a substrate. The “current metabolites”, which is referred to
as cofactors in biochemistry such as ATP, ADP, NADP, H2O,were removed
from our networks in order to avoid the unrealistic deﬁnition of the path
length of network according to the previous work.
Phylogenetic analysis of enzyme content
The distance of enzyme content between two organisms is deﬁned
as dij = − lnðsijÞ = − ln
nijﬃﬃﬃ
2
p
ninj=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2i + n
2
j
q
0
B@
1
CA. sij is the Korbel'sdeﬁnition to describe the similarity of a pair of objects. ni, nj are the
numbers of enzymes in organism i and j, respectively, and nij is the
number of shared enzymes in the two compared organisms. The value
of dij is between 0 and inﬁnity. A distance matrix containing the
distance information of all studied organisms is obtained according to
this deﬁnition. The phylogenetic tree is then constructed based on the
distance matrix using the software package PHYLIP.
Signiﬁcance of network motif proﬁles
Network motifs are the subgraph patterns that occur in complex
networks at much higher frequency than expected in randomized
networks [35,38]. The statistical signiﬁcance of subgraph i is evaluated by
the Z score, Zi=(Nreali−bNrandiN)/std(Nrandi) where Nreali is the
numberof times the subgraphappears in thenetwork, andbNrandliN and
std (Nrandli ) are the mean and standard deviation of its appearances in
the randomized networks with the same degree sequence as the real
network. Considering that motifs in large networks tend to display
higher Z scores than motifs in small networks, the vector of Z scores
calculated from different species is normalized to length 1, which istermed as signiﬁcance proﬁle (SP): SPi=Zi/(∑Zi2)1/2. Average-link
algorithm is used to produce hierarchical classiﬁcation from the
correlation coefﬁcient matrix of SPs [13].
Cross-species analysis based on network alignment
The similarity of two networks i and j is deﬁned as sij sij =
∑
n
2ki∩kj
ki + kjﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gi × Gj
p
according to thenetworkalignment algorithmraised byZhang et al [28],
where the two networks contain Gi and Gj vertices respectively, with n
shared vertices, and each shared vertex has ki and kj neighbors.
Therefore the topological distance between the two graphs can be
deﬁned as:
dij = 1−
∑
n
2ki∩kj
ki + kjﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gi × Gj
q
Degree centrality and Module detection
For a graph G=(V,E) with n vertices, the degree centrality CD(v)
for vertex v is: CDðvÞ = degðvÞn−1 . Let v⁎ be the node with highest degree
centrality in G,Then the degree centrality of the graph G is deﬁned as
follows: CD Gð Þ =
∑
j V j
i=1
CD v*ð Þ−CD við Þ½ 
n−2 [39]. The degree centrality is
calculated by the social network analysis software pajek.
Themodules are detected by themethod of Newman [31], which is
implemented by R package igraph.
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